Background {#Sec1}
==========

Multiple sclerosis (MS) is one of the most frequent progressive neurological diseases. It is often associated with impaired motor functioning due to an autoimmune response which corrupts myelinic sheaths of neurons of the central nervous system \[[@CR1]\]. Among the resulting motor deficits, impaired walking ability represents a major confinement, interfering strongly with everyday life functioning \[[@CR2]--[@CR4]\].

Treatment of walking disability with fampridine {#Sec2}
-----------------------------------------------

Complementary to immune-modulating medication, symptomatic treatment may improve motor functioning. Fampridine (4-aminopyridine) has been shown to be an effective substance. It may prevent the release of potassium from potassium channels exposed due to the inflammatory demyelinating process \[[@CR5]\]. Consequently, disrupted action potential conduction may be partly restored, yielding improvements in motor function and ambulation (for reviews see \[[@CR6], [@CR7]\]).

In their recent systematic review, Jensen et al. \[[@CR6]\] report varying response rates to fampridine across studies. While some negative results with regards to a specific effect on ambulation and fatigue were reported \[[@CR8], [@CR9]\], analyses of subgroups of responders have predominantly confirmed positive findings, with response rates ranging between 35 and 43 % \[[@CR10]--[@CR14]\]. According to Jensen et al. \[[@CR6]\], results across studies are supportive of fampridine yielding an increase in walking speed of approximately 25 %, i.e. a clinically relevant effect. Convergent evidence has recently been provided in a placebo-controlled randomized trial, results of which indicated that fampridine treatment yielded consistent improvements in various measures addressing mobility and balance throughout a period of 6 months \[[@CR15]\].

The assessment of dynamic walking characteristics in MS {#Sec3}
-------------------------------------------------------

The majority of walking tests implemented in studies outlined above addressed performance on relatively short distances, e.g. the 25-foot-walk \[[@CR16]\]. Short tests may be suitable in clinical settings to address general walking ability, whereas longer tests may provide information about symptomatic correlates and underlying physiologic processes \[[@CR17]--[@CR19]\]. A test of longer duration commonly used to assess walking disability in MS is the 6-minute walk, in which walking speed is monitored for 6 min \[[@CR18], [@CR20]--[@CR22]\]. This test may also reveal impaired dynamic walking features. Burschka et al. \[[@CR3]\] have identified an atypical velocity profile characterized by continuous deceleration throughout the test, relative to healthy controls. MS patients might hence be characterized by impaired walking dynamics involving a consistent linear decline in walking speed on the 6-minute walk.

Purpose of the current study {#Sec4}
----------------------------

Since improvements in ambulation related to fampridine treatment have predominantly been addressed by relatively short walking tests, the concurrent body of literature may be extended by the implementation of tests of longer duration. Further, the linear deceleration profile remains to be replicated and it remains to be examined whether the linear trend shows sufficient temporal stability. To date, sensitivity of the linear trend to alterations in other clinical parameters remains speculative. Yet, a replication and an exploration of its properties might provide initial information on whether it might be considered as a candidate parameter in intervention studies. In this context, it appears sensible to examine, whether the linear trend is consistently observable in patients treated with fampridine.

In the current study, MS patients completed an automated 6-minute walking test which required them to walk back and forth a distance of 25 ft. It was assumed that (a) prior to administration of fampridine, MS patients would display overall lower walking speed and cover a shorter total distance than during treatment with fampridine. Moreover, it was assumed that (b) the previously reported linear decline in speed throughout the test could be consistently replicated at both assessment points. The latter assumption was derived from findings reported by Burschka et al. \[[@CR3]\], who observed the atypical linear trend in both, moderately (Expanded Disability Status Scale, EDSS \>3.5) and mildly disabled patients (EDSS \<4). Subsequently, it was examined whether deceleration trends differed across assessment points, in an exploratory analysis.

Methods {#Sec5}
=======

Study design and participants {#Sec6}
-----------------------------

The current study was approved by the ethical committee of the University of Bayreuth, Germany. All participants provided written informed consent. A sample of 35 adult MS patients was recruited in the Deparment of Neurology, Klinikum Bayreuth GmbH. Patients who were about to start treatment, or who already received fampridine, were contacted by a study nurse. Patients were eligible to participate in the study in case of a confirmed MS diagnosis \[[@CR23]\], indication for fampridine treatment, and the ability to continuously walk for at least 3 min according to self-report. Patients scheduled for fampridine treatment were tested prior to administration of a daily dose of twice 10 mg of Fampyra® (Time 1) as well as within 1 week following the initial test (Time 2). Patients who already received fampridine could also participate if they reported to be interested in detailed information about a potential effect of their treatment. In this case, patients could pause their daily dose of twice 10 mg of Fampyra® and, after a washout period of at least 24 h, be tested off and on fampridine at Time 1 and Time 2. Sample characteristics, clinical information and demographics are displayed in Table [1](#Tab1){ref-type="table"}.Table 1Sample description (*N* = 35)Demographics Age M (SD)54.34 (9.85) Gender27 female, 8 maleClinical information MS type (N)  Relapsing remitting (RR-MS)3 (9 %)  Secondary progressive (SP-MS)26 (74 %)  Primary progressive6 (17 %) EDSS score, Mdn (range)4 (4--7) Illness duration in years, M (SD)14.56 (7.95)Health behavior Smoking (yes/no)10/25 Physical activity per week (N)None: 101--3 times: 174 times: 5\>4 times: 2Physical activity was defined as any sport/exercise-related activity patients engaged in on a regular basis, at least once per week*Mdn* Median, *M* Mean, *SD* Standard deviation

Assessment of walking performance and data analysis {#Sec7}
---------------------------------------------------

At each of the two assessment points, patients completed a walking test, which required them to repeatedly cover a distance of 25 ft throughout a maximal assessment period of 6 min. Patients were instructed to walk as enduring and fast as possible in context of their walking disability. An illustration of the general outline of the walking test is displayed in Fig. [1](#Fig1){ref-type="fig"}.Fig. 1Illustration of the implemented walking test involving light sensors (1--4) and the examined straight distance (*A*) and curves (*B*). See methods section for details on the derivation of respective walking parameters

At each end of the 25-foot distance (A), a pole was placed, 3 ft away from the respective endpoint of the 25-foot distance (B). Four light sensors were placed parallel to the 25-foot distance, with which the exact timing of a patient passing the light sensor was recorded. As walking speed was continuously monitored throughout the walking test, the setup yielded the possibility to determine the average duration on the 25-foot walk (A) and the average duration for turns at the end of the 25-foot distance (B). The latter was defined as the time that passed between leaving and reentering the 25-foot distance at light sensors 1 and 4, respectively.

In an initial descriptive analysis, it was recorded, how many minutes of the maximum time of 6 min patients were able to walk at Time 1 and Time 2. Based on the previous suggestion, that an improvement in walking performance of approximately 25 % is of high clinical relevance \[[@CR6]\], the number of patients whose total distance on the 6-minute walk increased by at least 25 %, or 20 % (two thresholds), was determined.

For the statistical analysis addressing the hypotheses outlined in the introduction, several parameters were derived for each participant at Time 1 and Time 2:*Total distance.* Firstly, as a global parameter, the total distance covered throughout the test was determined, including distances (A) and (B).25-foot-walk~speed~. Secondly, the average time required to cover the 25-foot distance (A) was determined separately for each test minute. The derivation of this speed parameter occurred separately for each test minute, since this yielded the possibility to determine whether patients showed deceleration on the 25-foot distance across test minutes. For comparison see Burschka et al. \[[@CR3]\].*Curve*~*speed*~. Finally, the average time to walk around the poles at the end of the 25-foot distance (B) was extracted as a speed indicator involving the coordinative quality required to make turns. As was the case for the 25-foot-walk~speed~ parameter, mean speed values were calculated separately for each test minute to evaluate putative deceleration throughout the walking test.

Statistical analysis {#Sec8}
--------------------

Referring to hypothesis (a), a repeated measures analysis of variance (ANOVA) involving the within-subjects factor Time (Time 1 vs. Time 2) was utilized to evaluate a putative increase in the total distance covered between respective assessment points, i.e. off vs. on fampridine. Alterations in 25-foot-walk~speed~ and Curve~speed~ were evaluated with the same ANOVA model.

Additionally, the percentage of patients who were able to walk throughout the entire 6 min at Time 1 and Time 2 was assessed. As this analysis revealed that all patients managed to walk at least 4 min at Time 1, the subsequent analysis referring to hypothesis (b), was conducted separately for the first 4 min of the walking test, and for the entire 6 min of the test. To this end, in case of the 25-foot-walk~speed~ parameter, the statistical model included two within-subjects factors, i.e. Time (Time 1 vs. Time 2) and Minute (1--4/1--6). The same factors were included for the analysis of the Curve~speed~ parameter.

Based on hypothesis (a), a main effect of Time was expected, reflecting an increase in distance and speed (25-foot-walk~speed~, Curve~speed~) from Time 1 to Time 2. Following hypothesis (b), a significant main effect of Minute with a linear deceleration trend at Time 1 and Time 2 was assumed, in line with results of Burschka et al. \[[@CR3]\]. Finally, referring to the exploratory analysis, it was examined whether a linear trend interaction Time × Minute occurred, indicative of a potentially steeper deceleration slope at Time 1 than at Time 2.

Results {#Sec9}
=======

Prior to administration of fampridine (Time 1), 27/35 patients (77 %) were able to complete the entire 6 min of walking, while following the administration (Time 2), 34/35 patients (97 %) managed to walk for 6 min. In this context, 12/34 patients (35 %) showed an increase of at least 20 % in the total distance covered throughout the six test minutes, and 8/34 (24 %) showed an increase of at least 25 %. All 35 patients managed to walk for at least 4 min at Time 1 and Time 2.

Quantitative analysis: total distance and average speed at Time 1 and Time 2 {#Sec10}
----------------------------------------------------------------------------

The total distance patients covered during the first 4 min of the walking test (*N* = 35, Table [2a](#Tab2){ref-type="table"}) and during the entire 6 min (*N* = 27, Table [2b](#Tab2){ref-type="table"}) significantly increased following fampridine administration. As displayed in the respective tables, this increase was characterized by highly significant main effects of Time, involving large effect sizes. For average 25-foot-walk~speed~ and Curve~speed~, similar effects were observed, involving consistent improvements.Table 2Alterations in walking performance between Time 1 and Time 2(a)Minute 1--4 (*N* = 35)StatisticTime 1Time 2% improvementF*p*partial eta squaredTotal distance (feet) Mean758.5935.223 %49.46\<.001.59 SD274.7253.725-foot-walk~speed~ Mean10.218.4118 %21.25\<.001.39 SE0.770.52Curve~speed~ Mean5.554.5019 %17.34\<.001.34 SE0.440.30(b)Minute 1--6 (*N* = 27)StatisticTime 1Time 2% improvementF*p*Partial eta squaredTotal distance (feet) Mean869.0993.614 %65.82\<.001.72 SD200.3226.025-foot-walk~speed~ Mean9.067.9912 %59.36\<.001.70 SE0.600.58Curve~speed~ Mean4.954.3113 %77.91\<.001.75 SE0.350.35Comparison between walking performance at Time 1 (off fampridine) and Time 2 (on fampridine), displayed for test minutes 1--4 (a) and test minutes 1--6 (b). Mean speed values reflect the duration (in seconds) necessary to cover the 25-foot distance (25-foot-walk~speed~) and to circle the poles at the end of the 25-foot walk distance (Curve~speed~), averaged across test minutes 1--4 and 1--6, respectively. Note that the analysis occurred separately for the respective test minutes, due to the fact that all participants managed to complete the first 4 min of the test at both assessment points (*N* = 35), whereas data of 27 patients was available for the entire 6 min at Time 1

Dynamic walking features within walking tests at Time 1 and Time 2 {#Sec11}
------------------------------------------------------------------

Walking and turning speed significantly decreased across test minutes. In case of the first four test minutes, this was reflected by a significant main effect of Minute on 25-foot-walk~speed~ \[F(3,102) = 13.02, *p* \<.001, partial eta squared = .28\] and on Curve~speed~ \[F(3,102) = 4.85, *p* = .003, partial eta squared = .125\].

Both main effects involved significant linear trends \[25-foot-walk~speed~: F(1,34) = 14.82, *p* \<.001, partial eta squared = .30; Curve~speed~: F(1,34) = 5.96, *p* = .02, partial eta squared = .15\]. As displayed in Table [3](#Tab3){ref-type="table"} and Fig. [2](#Fig2){ref-type="fig"}, for minutes 1--4, significant linear deceleration trends on the 25-foot-walk~speed~ parameter emerged at Time 1 and Time 2. In case of the Curve~speed~ parameter, the linear deceleration trend did not reach significance at Time 1, whereas it was significant at Time 2 (Table [3](#Tab3){ref-type="table"}).Table 3Linear deceleration trends during minutes 1--4MinuteLinear trend statisticMin 1Min 2Min 3Min 4F*p*Partial eta squared25-foot-walk~speed~Time 1Mean9.7010.1510.3310.6612.80.001.27SD4.024.574.535.25Time 2Mean8.058.308.608.6912.48.001.27SD4.024.574.535.25Curve~speed~Time 1Mean5.445.545.515.712.11.16.06SD3.062.582.432.56Time 2Mean4.324.504.564.6310.08.003.23SD1.701.761.811.82Linear deceleration on the speed parameters across minutes 1--4 at Time 1 and Time 2. Mean speed values reflect the average duration (in seconds) necessary to cover the 25-foot distance (25-foot-walk~speed~) and to circle the poles at the end of the 25-foot walk distance (Curve~speed~), during respective test minutes 1--4. With the exception of the Curve~speed~ parameter at Time 1, patients showed consistent deceleration characterized by significant linear trends. *SD* Standard deviationFig. 2Improvements in walking speed (a) and curve speed (b) associated with treatment onset of fampridine during test minute 1--4 (N = 35). The linear deceleration trend, consistently observable at Time 1 and Time 2, was most salient on the 25-foot distance (a; see Table 3 for statistics). Error bars represent standard errors

When all six test minutes were analyzed at Time 1 and Time 2, a similar pattern of deceleration within respective tests emerged, involving significant main effects of Minute on 25-foot-walk~speed~ \[F(5,130) = 12.80, *p* \<.001, partial eta squared = .33\] and on Curve~speed~ \[F(5,130) = 7.28, *p* \<.001, partial eta squared = .22\]. In both cases, significant linear trend components were involved \[25-foot-walk~speed~: F(1,26) = 18.68, *p* \<.001, partial eta squared = .42; Curve~speed~: F(1,26) = 5.22, *p* = .001, partial eta squared = .17\], which were observable at Time 1 and Time 2 (Table [4](#Tab4){ref-type="table"}).Table 4Linear deceleration trends during minutes 1--6MinuteLinear trend statisticMin 1Min 2Min 3Min 4Min 5Min 6F*p*Partial eta squared25-foot-walk~speed~Time 1Mean8.708.889.029.199.379.1912.66.001.42SD3.163.023.043.313.412.93Time 2Mean7.657.848.058.098.198.1012.43.002.32SD2.712.713.193.213.273.16Curve~speed~Time 1Mean4.754.904.925.045.104.965.22.031.17SD1.881.761.861.861.901.80Time 2Mean4.114.234.304.354.394.498.82.006.25SD1.671.631.771.771.872.30Linear deceleration on the speed parameters across minutes 1--6 at Time 1 and Time 2. Mean speed values reflect the average duration (in seconds) necessary to cover the 25-foot distance (25-foot-walk~speed~) and to circle the poles at the end of the 25-foot walk distance (Curve~speed~), during respective test minutes 1--6. *SD* Standard deviation

Exploratory analysis: deceleration trend at Time 1 and Time 2 {#Sec12}
-------------------------------------------------------------

The exploratory analysis addressing a comparison between the deceleration trend at Time 1 and Time 2 revealed that the Time × Minute interaction did not reach significance, neither in case of the model involving the first four test minutes, nor involving the entire six test minutes (all *p*-values \>.05).

Discussion {#Sec13}
==========

Impaired ambulation is a frequent phenomenon in MS patients. Besides limitations in walking speed and the total distance which may be covered, also dynamic walking features, such as continuous deceleration throughout longer walking tests have been examined \[[@CR3]\]. Fampridine may exert beneficial effects on walking disability. Nevertheless, the concurrent body of literature may be extended by examining alterations in walking capacity related to fampridine on longer walking tests, and with regards to the atypical linear decline in walking speed.

Improvements in walking capacity and speed {#Sec14}
------------------------------------------

In the current study, fampridine treatment was associated with improvements in various walking parameters, including total distance covered and different speed parameters. Compatible with results of previous work, fampridine treatment appeared to involve a salient response, yielding an increase from 77 % of patients who were capable of finishing the 6-minute-walking test before treatment, in comparison to 97 % who were able to walk for 6 min during treatment. It is noteworthy that the involved increase in the total distance that patients were able to cover (23 %, Table [2a](#Tab2){ref-type="table"}) during the first four test minutes, is congruent with recent estimates, according to which fampridine may improve walking capacity by 25 % \[[@CR6]\]. Moreover, the latter clinical threshold was surpassed by 24 % of the patients of the current study on the 6-minute walking test. When a somewhat lower threshold of 20 % improvement in total distance covered was applied, 35 % of the sample surpassed that threshold. Hence, within the boundaries of methodological restrictions of the current work, a considerable number of putative responders could be identified. These findings may be regarded as generally supportive of the treatment and assessment methodology applied in the current study.

Nevertheless, as outlined in the limitations section in detail, it cannot be ruled out that walking improvements may have been confounded by a training effect. It also needs to be considered that in the quantitative analysis of data concerning the total distance covered, alterations were lower (14 %, Table [2b](#Tab2){ref-type="table"}), when performance on all six test minutes was analyzed. In sum, these findings also imply considerable heterogeneity of alterations in walking performance across patients and modes of analysis. All further results of speed parameters hence need to be regarded cautiously, within the boundaries of these limitations.

The latter reasoning should also be followed when interpreting the results on walking speed and during turning (Curve~speed~). Highly significant improvements in coordinative ability required during walking of curves associated with fampridine treatment might be interpreted in favor of fampridine treatment. Nevertheless, potentially confounding factors, such as heterogeneity of responsiveness to fampridine within the sample, as well as a training effect, need to be taken into consideration.

Dynamic walking features {#Sec15}
------------------------

As Burschka et al. \[[@CR3]\] have noted, performance on the 6-minute-walk may reveal information about atypical dynamic walking features in MS. In the current study, linear deceleration trends were observed in case of 25-foot-walk~speed~ and Curve~speed~, at both assessment points, when patients were off and on fampridine. With the only exception of performance during the first four test minutes at Time 1, the linear deceleration trend was consistently observed. Based on findings reported by Burschka et al. \[[@CR3]\], according to which deceleration in MS is atypical, relative to performance of healthy individuals, this implies that the linear trend might represent a candidate for a new marker of walking disability. Importantly, sensitivity of the linear trend to alterations in other clinical parameters remains speculative. However, in context of this basic methodological study, it is noteworthy that the linear trend appeared particularly robust in case of straight distances (25-foot-walk~speed~). It may also be detected for walking characteristics involving coordinative qualities (Curve~speed~). To our knowledge, the current work represents the first replication of findings reported by Burschka et al. \[[@CR3]\]. Keeping the above-mentioned, general limitations of the current study in mind, the current results allow the suggestion that the linear deceleration trend may be explored as a candidate clinical marker in MS in future studies.

Limitations {#Sec16}
-----------

While the current findings are compatible with a putative treatment effect of fampridine and are promising with regards to the feasibility of the linear deceleration trend as a candidate for an outcome measure in future clinical studies, results need to be interpreted in the context of several limitations. Firstly, it needs to be pointed out that the current design did not involve a control group. Conceptually, without such a group, beneficial alterations in walking behavior, as observed in the current study, cannot be attributed to onset of fampridine treatment directly. Given the extensive body of literature in strong support of such an effect of fampridine \[[@CR5]\], and the methodological emphasis of the current work, this limitation might not be critical. Nevertheless, the related, potentially confounding factor of a training effect on the walking test, as well as heterogeneity of assumed responsiveness to fampridine treatment and a small sample size make a careful interpretation of the results necessary.

Conclusions {#Sec17}
===========

Within the boundaries of these limitations, the current study provides new information on the usefulness of an automated 6-minute 25-foot walking test for the detection of beneficial alterations in walking capacity and speed associated with fampridine treatment. Further, it provides the first replication of previous findings referring to the detection of the linear deceleration trend in MS patients in context of an intervention study. Based on the latter, the linear deceleration trend may be suggested as a candidate for a marker in the evaluation of walking performance in future studies.
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